Growing evidence indicates that an increase of orexin (or hypocretin) signaling is involved in the pathophysiology of major depression, but little is known regarding the causal link between the orexinergic system and depressive-like states. Here we blocked orexin receptors in mice subjected to unpredictable chronic mild stress (UCMS) to investigate putative antidepressant-like effects of this treatment, as well as the underlying mechanisms. BALB/c mice were exposed to 9 weeks of UCMS and from the third week onward treated daily with fluoxetine (20 mg/kg per day, per os) or with the dual orexin receptor antagonist almorexant (100 mg/kg per day, per os). The effects of UCMS regimen and pharmacological treatments were assessed by physical measures and behavioral testing. The dexamethasone suppression test was performed to examine the integrity of the negative feedback of the hypothalamic-pituitary-adrenal (HPA) axis, and immunohistochemical markers were used to assess cell proliferation (Ki-67), immature newborn neurons (doublecortin), and mature newborn neurons (5-bromo-2 0 -deoxyuridine/NeuN) in the dorsal and ventral parts of the hippocampus. Our results show that 7 weeks of fluoxetine or almorexant treatments counteract the UCMS-induced physical and behavioral alterations. Both treatments prevented the HPA axis dysregulation caused by UCMS, but only fluoxetine reversed the UCMS-induced decrease of hippocampal cell proliferation and neurogenesis, while chronic almorexant treatment decreased cell proliferation and neurogenesis specifically in the ventral hippocampus. Taken together, this is the first evidence that pharmacological blockade of the orexinergic system induces a robust antidepressant-like effect and the restoration of stress-related HPA axis defect independently from a neurogenic action.
INTRODUCTION
Major depression (MD), a pathology that can be triggered by chronic psychosocial stress in vulnerable subjects (El Hage et al, 2009; Keller et al, 2007) , is characterized by mood disturbance, anhedonia, sleep abnormalities, weight changes, and dysregulation of the hypothalamic-pituitaryadrenal (HPA) axis (Nestler et al, 2002; Tanti and Belzung, 2010) . Recently, adult hippocampal neurogenesis has been suggested either to participate in the etiology of MD (Snyder et al, 2011) or to be causally involved in the ability of antidepressant drugs to elicit a therapeutic response (Airan et al, 2007; David et al, 2009; Jiang et al, 2005; Perera et al, 2011; Santarelli et al, 2003; Surget et al, 2008; Wang et al, 2008) . Traditional antidepressants (e.g., selective serotonin reuptake inhibitors (SSRIs)) and novel drugs that exert antidepressant-like effects (e.g., antagonists at metabotropic glutamate receptors, synthetic cannabinoid HU210, tianeptine, compounds acting on the stress axis such as corticotropin-releasing hormone 1 (CRH1) or vasopressin V1b receptor antagonists, or melanin-concentrating hormone (MCH) antagonist) both appear to increase hippocampal neurogenesis despite their different pharmacological mechanisms (Alonso et al, 2004; Czéh et al, 2001; David et al, 2007; Jiang et al 2005; McEwea et al, 2002; Yoshimizu and Chaki 2004) . This was also observed with non-pharmacological therapy, such as electroconvulsive therapy (Malberg et al, 2000) or vagus nerve stimulation (Revesz et al, 2008) . We have recently shown that this occurs via the potential of antidepressants to recruit new hippocampal neurons to rescue the HPA axis regulation defects (Surget et al, 2011), suggesting that restoration of the HPA axis feedback is sufficient to induce therapeutic effects, even in a context in which a given treatment does not stimulate hippocampal neurogenesis.
Orexins, also known as hypocretins, are a pair of excitatory neuropeptides called orexin-A (OX-A) and orexin-B (OX-B) (hypocretin-1 and hypocretin-2), synthesized from the common precursor prepro-orexin Sakurai et al, 1998) . They are produced by a population of neurons located in the dorsomedial hypothalamus (DMH), perifornical hypothalamic area (PFA), and lateral hypothalamus (LH), from which they send projections broadly all over the brain . Physiological effects of orexins result from the activation of two G-protein-coupled receptors differentially distributed throughout the brain (Marcus et al, 2001; Trivedi et al, 1998) , orexin receptor 1 and 2 (OXR1 and OXR2), with OX-A showing equal affinity for both receptors, while OX-B demonstrates a higher affinity for OXR2 (Sakurai et al, 1998) .
Interestingly, orexins are implicated in several processes that are dysregulated in depressive subjects, including sleep/wake transitioning (Cao and Guilleminault, 2011; Sakurai et al, 2010) , control of food intake (Cason et al, 2010; Thompson and Borgland, 2011) , reward seeking (Aston-Jones et al, 2010; Harris et al, 2005) , and HPA axis regulation (Lopez et al, 2010; Spinazzi et al, 2006) , suggesting that orexins could be partly involved in the pathophysiology of MD. Nonetheless, preclinical and clinical studies that investigated the link between orexinergic system and MD still report conflicting results, showing that either hypoactivity (Allard et al, 2004; Brundin et al, 2007a; Ito et al, 2008; Lutter et al, 2008; Rotter et al, 2011) or hyperactivity (Feng et al, 2008; Mikrouli et al, 2011; Nollet et al, 2011; Salomon et al, 2003; von der Goltz et al, 2011) of the orexinergic system is associated with depressive state.
To further study the exact role of orexins in depressivelike states, we exposed mice to the unpredictable chronic mild stress (UCMS), a widely used naturalistic animal model of MD (Cryan and Holmes, 2005; Sibille et al, 2009; Surget et al, 2009; Willner, 1997) . We then studied the behavioral and neurobiological effects of a chronic treatment with the dual orexin receptor antagonist almorexant (ALM) (Brisbare-Roch et al, 2007) , compared to the classical antidepressant fluoxetine (FLX), a selective serotonin reuptake inhibitor (SSRI), with an emphasis on adult hippocampal neurogenesis and HPA stress axis. Here, we demonstrate that behavioral disturbances induced by chronic stress exposure are reversed by the dual orexin receptor antagonist, which counteracted HPA axis dysregulation through a neurogenesis-independent mechanism.
MATERIALS AND METHODS

Animals
In all, 95 BALB/c mice (Centre d'élevage Janvier, Le Genest St-Isle, France), aged between 6 and 7 weeks at the time of their arrival in the laboratory, were housed in groups of four per cage under standard conditions (22 ± 21C, 40% humidity, inverted 12-h light-dark cycle with lights off at 0900 h, food and water ad libitum) for 1 week before the beginning of experimental procedures. All experimental procedures were carried out in strict accordance with the European Communities Council directive (86/609/EEC) and received the approval of the ethical committee (agreement no. 2011-06-10, Comité d'Ethique en Expérimentation Animale Val de Loire, CEEAVdL).
Experimental Design
UCMS regimen used in this study has been previously presented in detail (Nollet et al, 2011) and is a variant of chronic mild stress procedures described by Willner (1997) in rats. Briefly, mice were subjected daily to various socioenvironmental low-intensity stressors according to an unpredictable schedule for a total period of 9 weeks (Figure 1 ). Pharmacological treatment started 2 weeks after the beginning of the UCMS protocol, and was always maintained until the end of the experiment. Body weight and coat state (high score indicates a coat in poor condition) were assessed weekly as markers of the progression of the UCMS-evoked syndrome. Behavioral Figure 1 Schematic representation of the experimental design. Half of the mice were subjected to a 9-week unpredictable chronic mild stress (UCMS mice), whereas the others served as control (non-UCMS mice). After 2 weeks of UCMS, each group received daily administration of vehicle (VEH, Methocel, 10 ml/kg per day), fluoxetine (FLX, 20 mg/kg per day), or almorexant (ALM, 100 mg/kg per day) per os (p.o.) until the end of the experiment. The coat state and the body weight were assessed weekly by an experimenter blind to the treatment. On the ninth week, behavioral tests (actimeter, elevated plus maze, resident-intruder test, tail suspension test and novelty-suppressed feeding test) were carried out. At the end of the UCMS regimen, mice were exposed to the dexamethasone (DEX) suppression test, followed by acute stress (forced swim) before blood and brain collection for radioimmunoassay and immunohistochemical analyses, respectively.
Involvement of orexins in the pathophysiology of depression M Nollet et al tests were performed in week 8 (n ¼ 14-19 mice per group), at least 18 h after the last treatment (all mice were subjected to one test daily, always in the same sequence). To label newborn adult cells in the dentate gyrus (DG) of the hippocampus, the thymidine analogous 5-bromo-2 0 -deoxyuridine (BrdU, B5002; Sigma-Aldrich) was injected intraperitoneally 4 weeks before intracardiac perfusions (4 injections of 75 mg/kg every 2 h, during 2 days). At the end of the UCMS protocol, all mice were subjected to dexamethasone (DEX) suppression test 2 h before being perfused. For further details, see Supplementary Materials and Methods.
Drugs
The SSRI FLX-HCl (Sequoia Research Products, Pangbourne, UK) and the dual orexin receptor antagonist ALM (ACT-078573-hydrochloride; Actelion Pharmaceuticals, Basel, Switzerland) were dissolved in 0.2% methylcellulose (Methocel, 64620; Sigma-Aldrich) water solution. Non-UCMS and UCMS mice daily received per os (10 ml/kg per day) freshly prepared vehicle (VEH, 0.2% methylcellulose), FLX (20 mg/kg per day), or ALM (100 mg/kg per day). The selected dose for chronic ALM administration was based on previous experiment (Kang et al, 2009) . Oral drug administrations were made between 1300 and 1500 h, irrespective of the stress schedule.
Behavioral Testing
A brief description of the behavioral tests is presented here. For a full and detailed description, please refer to Supplementary Materials and Methods.
Basal locomotor activity. An actimeter was used 2 h (afternoon, ie, during the dark phase of the cycle), 10 h (night, ie, during the light phase of the cycle), and 18 h (morning, ie, at the beginning of the dark phase) after drug administration to assess the long-lasting effects of UCMS and pharmacological treatments on basal locomotor activity of mice in their home cage. Locomotor activity was measured during 2 h for each time point.
Elevated plus maze. The elevated plus maze (EPM) consists in a plus-cross-shaped maze, elevated from the floor, with two opposite enclosed arms and two others opened and brightly lit. Mice were placed in the center area facing one of the closed arms and their movements and time spent in the different arms were analyzed for 5 min. The time spent in the open arms is associated with a reduction of anxiety behavior.
Resident-intruder test. The resident-intruder (R-I) test was performed as described previously (Nollet et al, 2011) and allows to measure the agonistic behavior of mice. The latency of the first attack and the number of attack(s) (data not shown) were measured over a 6-min period. Depressive-like animals are more agonistic and likely to attack more often and sooner than non-stressed animals (Mineur et al, 2003) .
Tail suspension test. As described previously (Steru et al, 1985) , mice were suspended by the tail using adhesive tape to a rod 60 cm above the floor. The trials were conducted for a period of 6 min and were video recorded. The behavioral measure was the duration of immobility, interpreted as behavioral despair.
Novelty-suppressed feeding test. The novelty-suppressed feeding (NSF) test used in this study has been described formerly (Surget et al, 2008) . Fasted mice were placed in a corner of a square arena where a single pellet of food was placed on a white paper positioned in the box center. The latency to chew the pellet was recorded within a 3-min period. This test induces a conflicting motivation between the drive to eat the food pellet and the fear of venturing into the arena.
DEX Suppression Test
To assess the effects of UCMS and treatments on the HPA axis negative feedback, the glucocorticoid receptor agonist DEX-phosphate (D-1759; Sigma-Aldrich) was used to carry out a DEX suppression test. For this purpose, all mice were intraperitoneally injected with either DEX (0.1 mg/kg in 0.9% NaCl, n ¼ 5 mice per group) or saline (0.9% NaCl, n ¼ 5 mice per group). After 30 min, mice were subjected to an acute stressor (forced swim) for 6 min to challenge the HPA axis in the same manner for all experimental groups whether they were chronically stressed or not. Then, 90 min later (ie, 120 min after DEX injection), mice were deeply anesthetized with sodium pentobarbital (40 mg/kg, intraperitoneally), transcardially perfused, and their brains were collected for immunohistochemical analyses of Fos expression in the paraventricular nucleus (PVN). Blood was also collected for plasma corticosterone level analyses. Plasma was separated and stored at À201C until radioimmunoassay.
Quantification of Corticosterone Levels
Plasma was analyzed for total corticosterone levels using a 125 I-labeled corticosterone double-antibody radioimmunoassay kit (MP Biomedicals, New York, NY) according to the manufacturer's protocol. To avoid inter-assay variability, all the samples were run in a single assay. Percentages of plasma corticosterone level's suppression induced by DEX injection were calculated taking the mean level of plasma corticosterone in animals of corresponding group injected with saline solution.
Immunohistochemistry
Immunohistochemical staining was performed to assess the neuronal activity (c-Fos protein) within the PVN of the hypothalamus (to assess the activity of this nucleus known to initiate the HPA axis cascade), the cell proliferation (Ki-67 protein), and the neurogenesis (immature newborn neurons with doublecortin ( 
Image Analyses and Cell Quantification
Activity of hypothalamic nuclei related to HPA axis activity was assessed by the analysis of Fos-labeled neurons in the parvocellular nuclei of the PVN whose axons are known to release the CRH. The nomenclature and nuclei boundaries used were those defined by Franklin and Paxinos's (2008) mouse brain atlas. Hippocampal cell proliferation and neurogenesis were assessed by the analysis of Ki-67-labeled (cell proliferation), DCX-labeled (newborn immature neu- Figure 2 Effects of the unpredictable chronic mild stress (UCMS) and of 7-week treatment with fluoxetine (FLX, 20 mg/kg per day, per os (p.o.)) or almorexant (ALM, 100 mg/kg per day, p.o.) on the coat state, body weight and locomotor activity. (a) UCMS induced a significant deterioration of the coat state, as demonstrated by increasing coat state scores, from the week 1 until the end of the UCMS protocol (non-UCMS/vehicle (VEH) group vs *UCMS/ VEH group). Drug treatments initiated in the beginning of the third week of the UCMS exposure reversed this deterioration after 3 weeks of treatment (UCMS/VEH group vs } UCMS/FLX or # UCMS/ALM groups). No significant difference was observed between the non-UCMS groups. (b) A gradual increase of body weight was observed during the 9 weeks of UCMS without effects of chronic stress or FLX treatment, but with significant differences at the end of the experiment. ALM-treated mice presented slower weight gain in both non-UCMS mice (non-UCMS/ALM group vs } non-UCMS/VEH or } non-UCMS/FLX groups) and UCMS mice (UCMS/ALM group vs # UCMS/VEH or # UCMS/FLX groups). (c) ALM induced a decrease of locomotor activity only 2 h after administration in non-UCMS mice (non-UCMS/ALM group vs } non-UCMS/VEH or } non-UCMS/FLX groups) and in UCMS mice (UCMS/ALM group vs # UCMS/VEH or # UCMS/FLX groups). In addition, this ALM-induced decrease of locomotor activity was greater in unstressed animals (non-UCMS/ALM vs *UCMS/ALM). Data represents mean±SEM; one symbol po0.05, two symbols po0.01, three symbols po0.001; sample sizes indicated in (a) (n ¼ 14-19 mice/group) concern all physical and behavioral measures illustrated in this Figure and in Figure 3 .
Involvement of orexins in the pathophysiology of depression M Nollet et al rons), and BrdU/NeuN-labeled (newborn mature neurons) cells in the granular cell layer of the DG. As dorsal and ventral parts of the hippocampus do not share the same connectivity with afferent and efferent areas (Fanselow and Dong, 2010) , and as only the ventral part is known to regulate the HPA axis through polysynaptic neuronal circuit towards the PVN (Herman et al, 2005; Mizoguchi et al, 2003; Ulrich-Lai and Herman, 2009) , cell proliferation and neurogenesis were examined separately in the dorsal, intermediate, and ventral parts of the hippocampus (Franklin and Paxinos, 2008) . In this study, as results for dorsal and intermediate hippocampus are identical, only comparisons between dorsal and ventral parts are presented here (results for the intermediate part are presented in Supplementary Figure 2) . Full explanation of image analyses and cell quantification are available in Supplementary Materials and Methods.
Statistics
Considering that relatively small sample sizes were used (np19 mice per group for behavioral analysis and np8 mice per group for neurobiological analysis) and that assumptions for parametric statistics could not be ensured (normality and homoscedasticity), data were analyzed using the non-parametric Kruskal-Wallis 'ANOVA by ranks' H-test. Significant effects (ie, po0.05) were followed up with post-hoc Mann-Whitney U-tests with Holm-Bonferroni correction when appropriate (Aickin and Gensler, 1996) . The Holm-Bonferroni method was not applied for DEX suppression test analysis due to the small sample size (n ¼ 5 mice per group). p-Values that are indicated in the Results section always derived from the between-groups comparisons using the Kruskal-Wallis H-test, while p-values resulting from post-hoc comparisons are indicated in the figures. All data are expressed as mean±standard error of the mean (SEM), and the sample sizes are provided in the figure legends.
RESULTS
Physical and Behavioral Effects of UCMS and Pharmacological Treatments
We first assessed the effects of chronic administration of ALM and FLX on physical state and behavior in mice subjected to 9-week UCMS or maintained under nonstressful conditions (non-UCMS mice).
UCMS induced a gradual deterioration of the coat state that appeared after 1 week of stress, whereas no degradation was observed in non-UCMS mice (Figure 2a ). Interestingly, in contrast to UCMS/VEH mice whose physical state worsened until the end of the UCMS procedure, chronic administration of FLX and ALM improved coat state reaching significance after 3 weeks of treatment (Figure 2a ; full statistic details are provided in Supplementary Table 1) . A gradual increase of body weight was observed during the 9 weeks of UCMS (Figure 2b ). Although no effect of UCMS or chronic FLX treatment was noticed, chronic ALM administration significantly reduced the weight gain as it can be seen at the end of experimental protocol (po0.001; Figure 2b ), without inducing any significant differences in body weight when compared with corresponding VEH groups (data not shown).
Locomotor activity was neither affected by UCMS or treatments 18 h after the last oral administration (at the time of the behavioral test), nor 10 h after (Figure 2c ). Nevertheless, 2 h after administration of treatments, ALM significantly decreased the locomotor activity of mice in both UCMS and non-UCMS groups (po0.001; Figure 2c ).
UCMS also induced behavioral alterations that were consistently restored after pharmacological treatments (except in the NSF test for ALM-treated mice). Importantly, none of these alterations were due to changes in locomotor activity, as all behavioral tests were carried out at a time point at which no change in locomotion was observed. In the TST, UCMS induced an increase of immobility, an effect counteracted by FLX and ALM treatments in both UCMS and non-UCMS mice (po0.001; Figure 3a) . Furthermore, in the R-I test, a decrease of attack latency was observed in UCMS/VEH mice, reversed by FLX and ALM treatments (po0.001; Figure 3b ). No effect of treatments was observed in non-UCMS mice. Moreover, in the EPM, UCMS reduced the time spent in open arms, an effect reversed by FLX and Figure 3c ). Finally, in the NSF test, UCMS increased the latency to eat, an effect restored by FLX (po0.001; Figure 3d ). No effect of FLX was observed in non-UCMS mice. Nevertheless, in the NSF test, ALM did not block the behavioral alteration induced by UCMS, as this treatment significantly increases the latency to eat the pellet in non-UCMS group. However, when returned to their home cage, mice did not display any difference in the latency to smell the pellet or in the food consumption 5 min after the test (data not shown).
Effects of UCMS and Pharmacological Treatments on HPA Axis Negative Feedback
Depressive states are often associated with hyperactivity of HPA axis that can be reversed by antidepressants (Ising et al, 2007) . We thus examined the integrity of the negative feedback of the HPA axis through the DEX suppression test following UCMS and chronic pharmacological treatments. In this test, the administration of the glucocorticoid receptor agonist DEX-phosphate (0.1 mg/kg, intraperitoneally) is known to decrease the plasma corticosterone level and to attenuate or suppress the activation of the PVN parvocellular nuclei through the activation of the negative feedback when it is undamaged.
We found that UCMS dampened the effectiveness of the negative feedback loop of the HPA axis and this was reversed by the pharmacological treatments. Indeed, the percentage of corticosterone suppression induced by DEX injection was strikingly decreased by UCMS (non-UCMS/ VEH mice B55% vs UCMS/VEH mice B7%), and this effect was reversed after chronic FLX (B52%) and ALM (B51%) treatments (po0.01; Figure 4a ). The percentage of Fos-positive neurons in the PVN was also reduced following UCMS (non-UCMS/VEH mice B42% vs UCMS/VEH mice B6%), whereas FLX (B39%) and ALM (B32%) treatments restored the Fos activation of PVN neurons (po0.01; Figure 4b ). Importantly, no significant effect of UCMS or treatments on plasma corticosterone level or Fos expression in the parvocellular nuclei of the PVN in control mice receiving saline solution was noticed (data not shown).
Effects of UCMS and Pharmacological Treatments on Hippocampal Cell Proliferation, Neurogenesis, and Neuronal Survival
Antidepressant drugs require or modulate hippocampal cell proliferation or neurogenesis (Santarelli et al, 2003; Surget et al, 2008 Surget et al, , 2011 . We therefore studied the ability of chronically administrated ALM and FLX to modulate hippocampal cell proliferation and neurogenesis in UCMSand non-UCMS-subjected mice.
For this purpose, we first assessed UCMS and treatment effects on hippocampal cell proliferation using Ki-67 marker. We observed that UCMS induced a decrease of Ki-67-positive cell density in the dorsal hippocampus (BÀ46%, non-UCMS/VEH vs UCMS/VEH, po0.001; Figure 5a ), and a greater decrease in the ventral part of hippocampus (BÀ63%, non-UCMS/VEH vs UCMS/VEH, po0.001; Figure 5a ). These reductions were reversed by FLX in both parts of the DG. UCMS/FLX mice exhibited a significantly higher Ki-67-positive cell density than in non-UCMS/FLX group, with no effect of FLX in the non-UCMS group, suggesting that FLX increased cell proliferation only in stressed mice. Interestingly, Ki-67-positive cell density was not increased in either parts of the hippocampus following chronic ALM in UCMS mice and was decreased in the ventral hippocampus of non-UCMS animals following chronic ALM treatment. In the dorsal hippocampus, the UCMS induced a significant decrease of cell proliferation (Non-UCMS/vehicle (VEH) group vs UCMS/VEH group), reversed by FLX (UCMS/VEH vs UCMS/FLX group) but not by ALM (UCMS/FLX group vs UCMS/ALM group). Significant differences were also observed between the non-UCMS/FLX group vs } UCMS/FLX group, and between the non-UCMS/ALM group and # UCMS/ALM group). In the ventral hippocampus, the UCMS also decreased the cell proliferation (non-UCMS/VEH group vs UCMS/VEH groups), whereas FLX treatment reversed this alteration (UCMS/VEH group vs UCMS/FLX groups) without any effect of ALM (UCMS/FLX vs UCMS/ALM groups). FLX treatment exhibited an effect only in UCMS-subjected animals (non-UCMS/FLX group vs } UCMS/FLX groups). Furthermore, ALM treatment reduced the ventral hippocampal cell proliferation (non-UCMS/VEH or non-UCMS/FLX groups vs non-UCMS/ALM group). (b) The generation of immature neurons was assessed by the number of doublecortin (DCX)-positive cells per mm 3 of the granule cell layer (GCL). In the dorsal part of hippocampus, the UCMS induced a decrease of immature neurons genesis (non-UCMS/VEH group vs UCMS/VEH group), while treatment with FLX counteracted this reduction (UCMS/VEH group vs UCMS/FLX group). No effect of ALM was noticed in stressed mice (UCMS/FLX group vs UCMS/ALM group). A significant difference was also observed between the non-UCMS/ALM group and } UCMS/ALM group. In the ventral hippocampus, the UCMS decreased the immature neurons immunoreactivity (non-UCMS/VEH group vs UCMS/VEH group), which was reversed by FLX (UCMS/VEH group vs UCMS/FLX). Concerning ALM treatment, in addition to the absence of treatment effect in the UCMS group (UCMS/FLX group vs UCMS/ALM group), the orexinergic antagonist decreased ventral hippocampal neurogenesis in non-UCMS mice (non-UCMS/VEH group or non-UCMS/ FLX group vs non-UCMS/ALM group). (c) The density of mature neurons (4 weeks old) was assessed by the number of NeuN-positive cells expressing 5-bromo-2 0 -deoxyuridine (BrdU) marker per mm 3 in the (GCL). In the dorsal hippocampus, the UCMS decreased the density of mature neurons (non-UCMS/VEH group vs UCMS/VEH group), whereas FLX treatment reversed this alteration (UCMS/VEH group vs UCMS/FLX group). Although no effect of ALM was observed (UCMS/FLX group vs UCMS/ALM group), FLX increased the proportion of mature neurons in non-UCMS mice (non-UCMS/FLX group vs non-UCMS/VEH or non-UCMS/ALM groups, and non-UCMS/FLX group vs } UCMS/FLX group). A significant difference was also observed between non-UCMS/ALM group and # UCMS/ALM group. In the ventral part of hippocampus, a UCMS-induced decrease of the density of mature neurons was noticed (non-UCMS/VEH group vs UCMS/VEH group), reversed by FLX (UCMS/VEH group vs UCMS/FLX group) but not by ALM (UCMS/FLX group vs UCMS/ ALM group). Furthermore, the treatment with ALM decreased the neurogenesis in the ventral hippocampus (non-UCMS/VEH group vs non-UCMS/ALM group), where as the UCMS further reduced the number of mature neurons (non-UCMS/ALM group vs # UCMS/ALM group). FLX treatment also increased neurogenesis in non-UCMS mice (non-UCMS/FLX group vs non-UCMS/VEH or non-UCMS/ALM groups, and non-UCMS/FLX group vs } UCMS/FLX group. Data represent mean ± SEM; *po0.05, **po0.01; n ¼ 8 mice/group.
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We then focused on the newborn immature neurons by assessing the density of DCX-expressing cells in the DG. We found that UCMS decreased hippocampal DCX-positive cell density in the dorsal hippocampus (BÀ35%, non-UCMS/ VEH vs UCMS/VEH, po0.001; Figure 5b) , and even more in the ventral hippocampus (BÀ56%, non-UCMS/VEH vs UCMS/VEH, po0.001; Figure 5b ). FLX treatment significantly reversed this disruption, whereas no change of DCXpositive cell density was seen in ALM-treated UCMS mice in both parts of the hippocampus. Furthermore, in the ventral hippocampus, non-UCMS mice chronically treated with ALM exhibited a decrease of DCX-positive cell density.
Finally, we examined the survival of adult newborn neurons through double-labeled cells with the neuronal marker NeuN and the cellular division marker BrdU (injected 4 weeks before animals scarifice). We observed a UCMSmediated decrease in hippocampal BrdU/NeuN-positive cell density in the dorsal (BÀ73%, non-UCMS/VEH vs UCMS/ VEH, po0.001; Figure 5c ) and particularly in the ventral part of hippocampus (BÀ86%, non-UCMS/VEH vs UCMS/VEH, po0.001; Figure 5c ), an effect again reversed by FLX, but not by ALM. The latter also decreased the density of BrdU/NeuNpositive neurons in the ventral hippocampus in non-UCMS mice. In addition, we found that in non-UCMS mice, FLX significantly increased the proportion of mature neurons in dorsal and ventral hippocampus compared with other nonstressed animals.
To summarize, chronic ALM treatment was unable to counteract the UCMS effects on cell proliferation, neurogenesis, and neuronal survival in the entire DG, and even decreased it in the ventral hippocampus of non-stressed animals.
DISCUSSION
Since the first studies reporting on the putative link between orexins and MD, there has been little progress in understanding the importance of such neuropeptidergic system in depressive-like and anxiety states. Indeed, preclinical and clinical studies dealing with the involvement of the orexinergic system in the onset of depressive symptoms led to conflicting results, ranging from a hypoactivity (Allard et al, 2004; Brundin et al, 2007a; Ito et al, 2008; Lutter et al, 2008; Taheri et al, 2001) or hyperactivity (Feng et al, 2007 (Feng et al, , 2008 Mikrouli et al, 2011; Salomon et al, 2003; von der Goltz et al, 2011) of orexinergic signaling. It has also been shown that intracerebroventricular administration or amygdala infusion of OX-A induces anxiety behaviors (Avolio et al, 2011; Suzuki et al, 2005) . Furthermore, Johnson et al (2010) demonstrated that orexin neurons, especially in the DMH-PFA, are necessary for the occurrence of anxiety-like behavior in panic-prone rats since silencing hypothalamic OX gene or intraperitoneal pretreatment with OXR1 antagonists blocks the panic responses. In line with the latter results, we recently reported that UCMS-subjected mice exhibited an increase of neuronal activation in the DMH-PFA orexinergic neurons compared with LH orexinergic neurons and that this effect was reversed by chronic FLX treatment (Nollet et al, 2011) .
To the best of our knowledge, this study is the first to demonstrate a clear involvement of orexin signaling in a depressive-like state. One of our meaningful outcomes is the robust physical and behavioral antidepressant-like effects of the dual orexin receptor antagonist ALM. The UCMS procedure induced a depressive-like state in mice regarding their physical condition, with a clear deterioration of coat state that was reversed, as described previously, by chronic FLX treatment (Nollet et al, 2011; Santarelli et al, 2003; Surget et al, 2008 Surget et al, , 2009 , and more interestingly by chronic treatment with ALM. In addition, we found a regular increase of body weight during the entire protocol, while chronic ALM administration slackened the weight gain (without any significant differences in body weight when compared with corresponding VEH-treated groups). This reduction in weight growth could correspond to the decrease of food intake following the blockade of orexinergic system, as orexins are known to be involved in food-seeking (Cason et al, 2010; Thompson and Borgland, 2011) . The behavioral data demonstrate that the UCMS regimen increased aggressiveness in the R-I test, despair behavior in the TST, and anxiety in the EPM and the NSF test. These behavioral changes were completely reversed by chronic treatment with FLX as demonstrated previously (Kurt et al, 2000; Nollet et al, 2011; Surget et al, 2008 Surget et al, , 2009 . ALM also reversed all the UCMS-induced behavioral changes besides the NSF test. In the latter behavioral test, the high latency to eat the pellet could reflect a reduced motivation to eat related to the anorexigenic effect of chronic antagonist injection. It is interesting to note that calorie restriction (corresponding to a 20-25% weight loss) is able to induce antidepressant-like effects (Lutter et al, 2008) . Here, chronic ALM treatment did not induce weight loss but only a slight reduction of body weight gain, suggesting that antidepressant-like effects of ALM seen in our behavioral tests could not be attributed to calorie restriction or body weight loss. In addition, the ability of NSF test to reveal antidepressant-like effects can be influenced by the presence of hippocampal neurogenesis (David et al, 2009) , which is highly reduced in our ALMtreated mice. Finally, in accordance with previous studies, chronic FLX and ALM treatments exerted an effect in non-UCMS animals in the TST (Kulkarni and Dhir, 2007; Nollet et al, 2011) .
Since the restoration of the stress-induced HPA axis dysregulation is linked to the beneficial effects of antidepressant, we therefore assessed the effect of chronic ALM treatment on the putative UCMS-induced disruption of the HPA axis negative feedback loop through the DEX suppression test. Our findings show that chronic stress induced a dysregulation of HPA axis through the decrease of the response following the DEX suppression test. Indeed, both plasma corticosterone levels after DEX injection and Fos expression in parvocellular neurons of the PVN indicated a strong decrease of the negative feedback regulation of the HPA axis after UCMS. This negative feedback control was restored after FLX or ALM chronic treatments, suggesting that antidepressant effects obtained after both treatments could be linked to the restoration of a normal and functional negative feedback loop on HPA axis. These results corroborate the fact that, in most depressed patients with altered HPA axis negative feedback, remission and decreased risk of relapse are associated with the improvement of HPA axis functioning (Appelhof et al, 2006; Ising et al, 2007; Kunugi et al, 2006) . Here, we have demonstrated that ALM restored the UCMS-induced HPA negative feedback disruption, sustaining the interaction between the PVN and the orexinergic neuronal population. Indeed, orexin neurons send direct projections to the PVN, particularly to the parvocellular cells (Yoshida et al, 2006) , while neurons from the PVN innervate orexinergic neurons that express CRH1 and CRH2 receptors (Winsky-Sommerer et al, 2004) . Moreover, OXR2 is abundant in the PVN (Marcus et al, 2001; Trivedi et al, 1998) , and it has been shown that intracerebroventricular injection of selective OXR2 antagonist attenuates OX-A-induced increase of adrenocorticotropic hormone levels in rats (Chang et al, 2007) . Consequently, the mechanism through which ALM restored the negative feedback on the HPA axis could be mediated by neurons located in the PVN through their orexin receptors 2.
In this study, we found that chronic stress suppressed cell proliferation (Ki-67-expressing cells) and neurogenesis (DCX-and BrdU/NeuN-labeled cells) in the hippocampus, confirming previous reports (Czéh et al, 2001; Mineur et al, 2007; Pham et al, 2003) . Furthermore, these suppressions affected more specifically the ventral part of the hippocampus, which strengthen evidences linking this region to stress and emotions (Fanselow and Dong, 2010) . In accordance with what has been shown formerly, chronic FLX treatment reversed the UCMS-induced hippocampal cell proliferation and neurogenesis suppression (Malberg and Duman, 2003; Santarelli et al, 2003; Surget et al, 2008 Surget et al, , 2011 . Moreover, while no effect of FLX was observed in non-stressed mice regarding cell expressing immature neuronal marker DCX, these non-stressed animals treated with FLX exhibited a significant increase of mature neurons (4 weeks old) stained with BrdU/NeuN markers. This suggests that FLX treatment is able to increase survival or accelerate the maturation of new neurons in nonstressed animals (Perera et al, 2011; Wang et al, 2008) , without increasing cell proliferation (Ki-67-labeled cells) or immature neurons density (DCX-expressing cells).
In our study, chronic treatment with the dual orexin receptor antagonist ALM neither did increase hippocampal cell proliferation nor neurogenesis. This result could be linked to the fact that, on the opposite, OX-A infusion increases cell proliferation (probably through the release of the neuropeptide Y) without affecting the percentage of DCX-positive cells (Ito et al, 2008) . This is critical as it has been shown that hippocampal neurogenesis is not required for the reversal of the behavioral and physical disruptions of UCMS by compounds targeting directly HPA stress axis response (CRH1 or V1b antagonists) (Surget et al, 2008) . Moreover, MCH receptor 1 antagonist induces anxiolytic effect independently of hippocampal neurogenesis (David et al, 2007) . Intriguingly, the blockade of orexinergic system even reduced cell proliferation and neurogenesis specifically in the ventral part of the hippocampus, without inducing depressive-like states per se, in line with several (but not all; Snyder et al, 2011 ) studies where no induced-depressivelike phenotypes have been observed in hippocampal neurogenesis-ablated mice (Santarelli et al, 2003; Surget et al, 2008 Surget et al, , 2011 . Considering that the ventral hippocampus is more related to emotional states and stress responses than its dorsal part, this result reinforces the idea that orexins play a central role in regulating emotional states and psychological stress (Furlong et al, 2009) . Nevertheless, additional investigations will be necessary to fully understand this process.
Despite these new outcomes linking orexins and MD, several points need to be clarified by further studies. Here, the antidepressant-like effect underpinned by orexinergic system was obtained by blocking both orexin receptors, while a differential role of orexin receptors in depressivelike behavior has been underlined recently (Scott et al, 2011) . Furthermore, although our findings suggest that ALM mostly induced an antidepressant-like effect by blocking orexinergic signaling on HPA axis, the therapeutic effect of orexinergic antagonist might also be the result of changes in sleep architecture (Li and Nattie, 2010) or interactions with serotoninergic system (Brown et al, 2001; Muraki et al, 2004) . Finally, if our results are in line with previous studies showing a higher release of orexins as well as an increase of the number and activation of orexin neurons in several animal models of MD (Feng et al, 2007 (Feng et al, , 2008 Mikrouli et al, 2011; Nollet et al, 2011) , they partially contradict other preclinical data in which genetic animal model of MD, chronic stress, or social defeat are associated with a decrease of orexinergic immunoreactivity and expression (Allard et al, 2004; Ito et al, 2009; Lutter et al, 2008; Taheri et al, 2001) . The same discrepancies are observed in clinical studies in which depressive state have been linked to a decrease (Brundin et al, 2007a (Brundin et al, , 2007b (Brundin et al, , 2009 Rotter et al, 2011) or an increase (Palhagen et al, 2010; Salomon et al, 2003; von der Goltz et al, 2011) of OX-A level in cerebrospinal fluid or blood. It should also be noted that narcoleptic patients, characterized by low orexin levels, seem to present a higher rate of depression and anxiety (Dimitrova et al, 2011) .
Taken together, our findings open new perspectives regarding the implication of the orexinergic system in MD. The fact that the dual orexin receptor antagonist ALM reinstates glucocorticoid feedback inhibition likely through the direct modulation of the PVN, the main central regulator of the stress axis, independently to the restoration of the hippocampal cell proliferation and neurogenesis strongly suggests that orexinergic system plays a significant role in depressive disorders, and underline the non-crucial role of hippocampal neurogenesis in the pathophysiology of MD.
